Introduction
Microalgae are highly diverse photoautotrophic organisms that play a primary role in the food chain of the open sea [1] as prey for crustaceans and late larval and juvenile fish such as rotifer, copepod, daphnia, and brine shrimp [2, 3] . The great diversity in microalgae has led to numerous studies on the effects of fatty acid (FA) composition and lipid class on nutritional quality and algae growth [4, 5] . In addition, microalgae produce polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3) [6, 7] , which have a wide variety of nutraceutical and pharmaceutical applications [8, 9] .
The biochemical composition of microalgae is one determining factor affecting its nutritional quality and utility as a food for bivalves [10] . Many of the studies performed using juvenile or adult bivalves [11, 12] have focused on microalgae PUFAs as indicators of nutritional quality [13] . Thus, the correlation between microalgae PUFA composition and nutritional value has now been established [3, 14] .
DHA and EPA are important n-3 PUFAs, while arachidonic acid (AA, C20:4n-6) is a vital n-6 PUFA. Modern nutritional theory has focused on the numerous health benefits of maintaining sufficient levels of n-3 PUFAs [15] . The eicosanoids, such as prostaglandin, prostacyclin and leukotriene, derived from n-3 PUFAs, are important for infant development, modulating vascular resistance and wound healing [16] . DHA plays an important role in coronary heart disease, . Several factors contribute to the nutritional value of microalgae, including the polyunsaturated FA content and n-3 to n-6 FA ratio, which could be used to assess the nutritional quality of microalgae. Conclusions: This study is the first comprehensive assessment of the FA composition and nutritional value of microalgae species in South Korea, and identifies the potential utility of FAs as species-specific biomarkers.
hypertension, type II diabetes, and ocular diseases and is used in the prevention and treatment of chronic diseases such as arthritis and cystic fibrosis [15] . DHA and EPA also help treat atherosclerosis, cancer, rheumatoid arthritis, psoriasis and diseases of old age, such as Alzheimer's and age-related macular degeneration [15] , while AA and DHA are particularly important for brain and blood vessels and essential for pre-and postnatal, as well as retinal, development [17] . Physiological studies of FA content and general composition using marine microalgae have been reported elsewhere, although few studies of Korean microalgae exist. The study of Korean microalgae FA composition has great significance for the use of marine bioresources as a basic material. The purpose of this study was to screen the FA composition of 20 species in the marine microalgae culture collection at the Korea Institute of Ocean Science & Technology to characterize the nutritional value of microalgae as a food source. The harvested algae were stored at 4 曟 until all samples were obtained and then concentrated by continuous centrifugation. The concentrated algae were freeze-dried and stored at -80 曟 until FA analysis. Table 1 lists the strains used in this study along with cell numbers and cell dry weight/mL.
Materials and methods

Culture and isolation of microalgae
Lipid and FA extraction
Lipid extraction was performed based on the method of Folch et al [18] . After culturing microalgae, 5 mL CHCl 3 :MeOH (2:1) was added to 0.5 mL of the pellets collected by centrifugation and sonicated for 20 min in 5 mL 0.58% sodium chloride followed by additional sonication for 10 min. The sample was then centrifuged for 5 min at 2 000-3 000 rpm to remove the upper layer, and the separated lower layer was transferred to another tube using a Pasteur pipet dried using nitrogen gas. A known amount of heneicosanoic acid (C21:0) was used as an internal standard. Next, 0.5 mL toluene and 2 mL 0.5 N NaOH were added to the dried sample, which was incubated for 5 min in a heated bath and cooled. BF3MeOH was then added, and the sample was heated in the bath for 3 min and cooled again. In the final step, 15 mL petroleum ether and 20 mL H 2 O were added, the sample sonicated, and the supernatant isolated and dried using nitrogen gas.
Table 1
Cell density and dry weight of marine microalgae used in the study.
Species
Cell 
Fatty acid analysis
Fatty acid methyl esters (FAMEs) were analyzed in a Varian CP-3800 equipped with a HP-Innowax silica capillary column (30 m 暳 0.25 mm id., 0.25 毺 m film thickness), using helium as the carrier gas. Samples (1 mL) were injected under the following conditions:
the column temperature was held at 50 曟 for 2 min, then elevated at a rate of 5 曟 /min to 220 曟 , maintained for 30 min and held until all FAME of interest had been eluted. The injector and flame ionization detector temperatures were both 250 曟 . FAMEs were identified by comparing their retention times with those of validated standards (Sigma-Aldrich Co., USA) and quantified using heneicosanoic acid as the internal standard.
Data analysis
All data have been expressed as weight percentages and represent the means of at least three different samples of each algae species. Statistical analysis was performed using a non-parametric ANOVA followed by a Dunn's pair-wise multiple comparison test with significance indicated at P<0.05. FAs were grouped into saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and PUFAs. Among the PUFAs, 20:5n3 (EPA), 22:6n3 (DHA), total n3 and n6, and n3/n6 ratios were reported.
Results
3.
1. FAME composition of 20 marine microalgae FAME compositions of the seven species of Dinophyceae used in this study are shown in Table 2 . The major FAs in Dinophyceae were C14:0, C16:0, C16:1, C18:0, C18:1n-9, C20:5n-3 and C22:6n-3 in Alexandrium sanguinea (A. sanguinea) and Alexandrium sp., while the other five species of Dinophyceae (P. minimum, P. micans, P. dentatum, H. triqutra and S. trochoidea) contained C14:0, C16:0, C16:1, C18:0, C18:1n-9, C20:2n-6, C20:4n-6, C20:5n-3 and C22:6n-3. In comparisons of the FAME contents between Alexandrium sp. and the other species, ΣSFA (41.9%) was relatively high and ΣMUFA (36.7%) relatively low. In particular, C16:0 (26.2%) and C18:0 (11.4%) were higher than the other species. The FAME compositions of the six species of Bacillariophyceae used in this study are shown in Table 3 . The contents of six major FA tested in Bacillariophyceae (C14:0, C16:0, C18:0, C20:5n-3 and C22:6n-3, and C16:1) were low in C. didymus compared with the other species. Chetocerus sp. had the highest contents of C14:0 (18.2%), C16:0 (23.4%) and C18:3n-6 (2.7%). C. didymus had the highest level of ΣSFA (53.8%) among all Bacillariophyceae, and C22:6n-3 (24.1%) was also high. C. affinis had high contents of C20:2n-6 (6.2%) and C22:6n-3 (18.6%). T. weissflogii was high in C16:0 (23.4%) and C16:1 (34.3%). P. tricornutum was high in C18:2n-6 (2.8%) and C20:5n-3 (52.6%), with the highest ΣPUFA (64.8%) among all Bacillariophyceae species. Furthermore, S. costatum showed the highest level of C16:1 (35.6%) among the Bacillariophyceae. 
Nutritive values of FAME contents from 20 marine microalgae
Next, we investigated the nutritive values of FAME contents from microalgae. The EPA content was high and increased in the order of P. tricornutum, H. akashiwo, C. ellipsoidea, P. gyrans and S. costatum (27.8-52.6%), and the DHA content was highest in I.
galbana (33.6%). Dinophyceae, excluding Alexandrium sp., contained significantly high levels DHA from 21.0%-28.1%. The DHA and EPA ratio critical to the survival of marine fish larvae [19] was the highest in I. galbana (3.3) and C. didymus (2.7) ( Table 5) . The n-3/n-6 ratio was a parameter used to assess the nutritional value of microalgal cells [20] . This study determined that the n-3/n-6 ratios ranging from 2-5 provided sufficient microalgae nutritional value. The authors reported that the microalgae with a high n-3/n-6 ratio included N. oculata (17.3), S. schreoteri (12.8) and H. akashiwo (12.4), although eight species were in the 2-5 range and thus nutritionally suitable, including P. minimum (3.3), P. micans (3.4), P. dentatum (4.0), H. triquitra (2.5). S. trochoidea (3.6), C. affinis (3.4), C. ellipsoidea (3.2) and I. galbana (4.9). In addition, arachidonic acid (AA, C20:4n-6) content was higher in Dinophyceae, similar to DHA, and high in P. minimum (13.8%), H. triqutra (10.8%) and S. trochoidea (8.1%) ( Table 2 ). Interestingly we observed low levels of (SFA+MUFA)/PUFA and high ratios of UFA/SFA and (C20:5+C22:6)/ (C16:0+C16:1). These values are reported in Table 5 and corresponded to levels in Dinophyceae and P. tricornutum of Bacillariophyceae, indicating high nutritional value among these microalgae (Table 5 ).
Discussion
Our n-3 was high in all species, it was particularly increased in P.
tricornutum [22, 23] . The Bacillariophyceae species in this study showed similar results.
On the other hand, The optimal nutritional value of microalgae as a food source is affected by the amino acid composition of proteins and the sugar composition of carbohydrates [24, 25] , but it is influenced to a greater extent by the FA composition of lipids [24] .
The lipid profile of microalgae as a food source indicates that PUFA, especially DHA and EPA, are associated with rapid growth of bivalve larvae and juveniles of many other organisms [26] .
When EPA and DHA are not present in microalgae, the growth of juvenile oysters is retarded [24, 27] . In fact, it has been reported that low levels of (SFA+MUFA)/PUFA and high ratios of UFA/ SFA and (C20:5+C22:6)/ (C16:0+C16:1) have nutritional value in cultured organisms [28] . Young oysters can elongate or desaturate the carbon chain of dietary FAs, but the rate is too slow to maintain optimal growth [29] . Among the n-3 PUFA, DHA (C22:6n-3) and EPA (C20:5n-3) are essential for growth and development of fish and oysters. Our results demonstrate variations in several factors that contribute to the nutritional value of microalgae, including EPA and DHA contents, as well as the ratio n-3/n-6 fatty acids ratio.
In particular, the C22:6n-3 content of I. ganbana was very high at 33.6%, which was similar to previous reports [30] . In addition, arachidonic acid (AA, C20:4n-6) is a precursor of eicosanoid synthesis and an essential FA for marine fish. When turbot juveniles, which prefer food with a high DHA content, were fed only AA, they showed higher growth and survival rates than those fed an AA and DHA mixture or DHA only [31] . Taken together, this is the first report on the FA profiles and nutritional value of microalgae species in South Korea, and it provides information regarding the potential utility of FAs as biomarkers and a basis for the development of more effective culture techniques for marine organisms via microalgae identification.
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